We report on the performance of GaSb pn junction photodiodes fabricated using electron cyclotron resonance plasma etching using Cl 2 /Ar recipe, a mixed gas recipe consisting of Cl 2 /BCl 3 /CH 4 /Ar/H 2 and wet chemical etching. Diodes fabricated using Cl 2 /BCl 3 /CH 4 /Ar/H 2 recipe show an order of magnitude lower leakage current density and lower ideality factor. The highest value of the zero bias dynamic resistance-area product was obtained for Cl 2 Recently, there is increasing interest in the gallium antimonide ͑GaSb͒ based compound semiconductors due to its wide range of optoelectronic applications in the mid-infrared ͑MIR͒ wavelengths.
Recently, there is increasing interest in the gallium antimonide ͑GaSb͒ based compound semiconductors due to its wide range of optoelectronic applications in the mid-infrared ͑MIR͒ wavelengths. 1 GaSb is an attractive choice as a substrate material because its lattice parameter matches various ternary and quaternary III-V compound semiconductors whose band gaps cover a wide spectral range from ϳ0.3 to 1.58 eV, i.e., 0.8-4.3 m. High quantum efficiency photodetectors, 2, 3 photovoltaic cells, 4, 5 and laser diodes with low threshold current 6, 7 have been demonstrated using GaSb and related compounds. Fabrication of these devices requires etching to form mesa or line structures. Despite the damage associated with dry etching, it can provide highly anisotropic profiles with good reproducibility and uniformity, and therefore is desirable compared to wet chemical etching. In spite of the technological importance of GaSb based alloys, little has been reported on the dry etching of GaSb and related materials.
A common choice of plasma chemistries for dry etching of GaSb-based structures consists of chlorine based precursors, such as SiCl 4 , BCl 3 , or Cl 2 because the volatilities of the gallium and antimony chlorides are generally very high. 8 Also, high-density plasma sources, such as electron cyclotron resonance ͑ECR͒, are preferred because of the increased density of low energy ions in the plasma. 9 Pearton et al. 10, 11 have reported on the etching of GaSb in high density plasma using Cl 2 /Ar and BCl 3 /Ar chemistries down to Ϫ30°C. Improvement in the anisotropy was observed at lower temperatures but at the cost of a decrease in the etch rates. They also observed that the surface morphology obtained by BCl 3 /Ar etching was smoother than that of Cl 2 /Ar. 10 Dry etching of GaSb using methane/hydrogen (CH 4 /H 2 ) and ethane/hydrogen (C 2 H 6 /H 2 ) chemistry has also been reported. 12,13 C 2 H 6 -based plasmas show 50% higher etching rates as compared to the CH 4 -based plasmas. 13 Addition of a polymer forming gas such as CH 4 results in the formation of a polymeric thin film on the sidewalls, which minimizes the undercutting and provides passivation. 14, 15 Although mixed chlorine and methane etches have been reported for various III-V compound semiconductors, systematic studies of antimonide are very few. 16 Langer et al. have recently reported a mixed-gas etching recipe consisting of chlorine, boron trichloride, methane, hydrogen, and argon (Cl 2 /BCl 3 /CH 4 /Ar/H 2 ) which shows high etching rate of 0.5 m/min and results into smooth surfaces and sharp sidewalls at room temperature. 17 The effect of etching conditions on the device performance of GaSb and related materials has not been well addressed in the literature. In this paper, we have compared the performance of pn junction photodiodes fabricated using a Cl 2 /Ar recipe roughly based on the results reported by Pearton et al. 10 ,18 a mixed gas recipe consisting of Cl 2 /BCl 3 /CH 4 /Ar/H 2 , 17 and wet chemical etching using a NaK tartrate based recipe.
Experimental
The substrates used in this study were ͑100͒ n-type GaSb ͑Te doped͒ obtained from Galaxy Compound Semiconductor Inc. The carrier concentration was 5 ϫ 10 17 cm Ϫ3 . The substrates were degreased with hot xylene followed by acetone and methanol rinse ͑XAM cleaning͒. Then the samples were etched in hydrochloric acid ͑HCl͒ to remove the native oxide layer. Zinc ͑Zn͒ acts as p-type impurity in GaSb. Zn diffusion was carried out at 500°C for 5 h using the leaky box technique. 19 Solid Zn pellets were used as the source. The samples were next subjected to backside etching using a 2% solution of bromine in methanol for 30 s. Back side contacts were formed by electron beam ͑E-beam͒ evaporation of 200 Å of tin and 1000 Å of gold; followed by rapid thermal annealing ͑RTA͒ at 350°C for 5 s.
The front side metal contact consisted of 400 Å titanium followed by 800 Å gold evaporated using E-beam. The final step in the fabrication process was the mesa etching. The front metal contacts were protected using a photoresist and the mesa areas were patterned. The photoresist was cured by baking at 110°C for 10 min. A Plasmatherm Electron Cyclotron Resonance 357 system with a loadlocked chamber was used for the dry etching of GaSb. One sample set was etched using Cl 2 /Ar plasma. The gases were in the ratio of 1:6 at a pressure of 1.5 mTorr. 100 W rf power and 300 W plasma power was used and the temperature was maintained at Ϫ30°C. The etch rate obtained with this process was 135 nm/min. A Cl 2 /BCl 3 /CH 4 /Ar/H 2 gas mixture in the ratio 2:1:2:6:12 was used to etch the second set of samples. A chamber pressure of 1.3 mTorr, rf power of 150 W, and plasma power of 400 W was used. The etching was carried out at room temperature. This recipe gave an etch rate of about 560 nm/min. The details of the surface morphology after etching are presented elsewhere. 17 The third sample set was prepared by wet etching. For the wet etching of GaSb, a mixture of HCl:H 2 O 2 :NaK tartrate ͑66 ml:18 ml:24 g in 1 liter of solution͒ was used. The etching rate with this solution was 120 nm/min. After the dry/wet-etching step, the photoresist was removed by using acetone and the samples were cleaned by XAM cleaning. Thereafter, the samples were rinsed in pure methanol to avoid the formation of oxide on the sidewalls, which increases the leakage current associated with the diodes. No surface passivation was carried out and no antireflective coating was applied. The schematic of the device structure is shown in Fig. 1 .
Results and Discussion
Because all of the devices had gone through the same processing except for the final mesa-etching step, the disparity in the performance of the diodes can be easily attributed to the different etching conditions. In this section, the current density-voltage ͑J-V͒, the zero bias dynamic resistance-area product (R 0 A) and the spectral responsivity characteristics of these diodes are discussed.
Current-voltage (I-V) characteristics.-I-V measurements under
dark conditions were carried out using HP4140B I-V meter. Standard pin probes were used to make contact to the device. The measurements were carried out under ambient temperature and humidity. The electrical properties of the diodes as measured from time to time did not show any change. Figure 2 shows the J-V characteristics for the GaSb photodiodes etched using Cl 2 /Ar, Cl 2 /BCl 3 /CH 4 /Ar/H 2 gas mixture and wet chemical etching, under dark conditions at room temperature. This plot is representative of all the diodes tested on these samples with sizes varying from 100 m to 1 mm. The absolute value of the current density is plotted on a log scale as a function of applied voltage. The reverse bias leakage current density for Cl 2 /BCl 3 /CH 4 /Ar/H 2 etched diodes is an order of magnitude lower than that of Cl 2 /Ar and wet etched diodes. Samples etched with the NaK tartrate based solution and the Cl 2 /Ar plasma show very similar leakage characteristics. This indicates that by optimizing conditions for dry etching and using high-density plasma, devices showing same or even better performance as compared to wet etched diodes can be fabricated. The saturation current densities extracted from the I-V characteristics were 4 ϫ 10 Ϫ4 , 8 ϫ 10 Ϫ5 , and 6 ϫ 10 Ϫ4 A/cm 2 for Cl 2 /Ar, Cl 2 /BCl 3 /CH 4 /Ar/H 2 , and wet etched diodes, respectively. The ideality factor for Cl 2 /BCl 3 /CH 4 /Ar/H 2 etched diodes was 1.87 as opposed to 2.1 for Cl 2 /Ar and wet etched diodes. Use of the mixed chlorine and methane chemistry shows an improvement over both the wet etching and the previously reported chlorine mixture. Figure 3 shows the inverse of the zero bias dynamic resistancearea product (1/R 0 A) as a function of perimeter to area ratio ͑P/A͒ for different etching recipes. Cl 2 /BCl 3 /CH 4 /Ar/H 2 recipe shows the lowest 1/R 0 A for all the device sizes. The nonlinear dependence of 1/R 0 A on P/A is an indication of surface leakage currents being dominant as compared to the bulk leakage. 20 For comparison, 1/R 0 A, assuming diffusion and generation-recombination ͑g-r͒ as the only contributing factors is plotted in Fig. 3 . This curve is linear and independent of the area of the diodes. Even for the largest area diode, theoretically calculated 1/R 0 A is lower than the experimentally obtained values, which indicates presence of surface leakage, tunneling, and other defect related leakage currents. The contribution from the surface leakage currents becomes significant for smaller area diodes. Thus, lower values of 1/R 0 A for Cl 2 /BCl 3 /CH 4 /Ar/H 2 recipe indicate that the surface leakage currents in these diodes are lower as compared to the other two recipes. This is believed to be due to the formation of polymeric film on the sidewalls during etching. 14, 15 The difference in the 1/R 0 A is pronounced for the smaller sized devices ͑higher P/A͒, which have higher contribution from the surface leakage currents than bulk leakage currents. Thus, especially for the fabrication of smaller sized devices, Cl 2 /BCl 3 /CH 4 /Ar/H 2 recipe is better as compared to Cl 2 /Ar and wet etching. The highest value of R 0 A was obtained for 1 mm diam diode etched using Cl 2 /BCl 3 /CH 4 /Ar/H 2 and was equal to 830 ⍀ cm 2 . For the same sized diode, Cl 2 /Ar and wet etching exhibited highest R 0 A equal to 300 and 330 ⍀ cm 2 , respectively. This conclusively shows that Cl 2 /BCl 3 /CH 4 /Ar/H 2 etching recipe has resulted into significantly less leaky diodes as compared to Cl 2 /Ar and wet etching.
Responsivity measurements.-The responsivity of the diodes was measured using the substitution method. In this method, the spectral response of a calibrated reference detector is transferred to the test detector by comparing the output of both devices with respect to a constant radiation source. 21 A 3 ϫ 3 mm 2 PbS calibrated detector was used as the reference. Spectral resolution of 40 nm with 0.5 and 1.5 s settling and integration times, respectively were obtained using a scan setup.
22 Figure 4 shows the results of the responsivity measurements. The responsivity is constant from 1000 to 1600 nm and Cl 2 /BCl 3 /CH 4 /Ar/H 2 etched diodes show three times higher responsivity (ϳ0.9 A/W) than the Cl 2 /Ar and wet etched diodes (ϳ0.3-0.4 A/W). We propose that in unpassivated diodes, the sidewall defects act as trap centers for the photogenerated charge carriers and hence the responsivity is low. In Cl 2 /BCl 3 /CH 4 /Ar/H 2 etched diodes, these defects are considerably reduced due to passivation, which results into higher responsivity. This indicates that Cl 2 /BCl 3 /CH 4 /Ar/H 2 etching provides passivation to the diode sidewalls resulting into better electrical as well as optical properties.
Conclusion
Summarizing, we have fabricated pn junction GaSb photodiodes using ECR plasma etching with a mixed gas recipe (Cl 2 /BCl 3 /CH 4 /Ar/H 2 ), Cl 2 /Ar recipe and wet chemical etching. The diodes etched using Cl 2 /BCl 3 /CH 4 /Ar/H 2 show an order of magnitude lower leakage current density, improved ideality factor and the highest value of zero bias resistance-area product as compared to Cl 2 /Ar and wet chemical etching. The spectral responsivity of the Cl 2 /BCl 3 /CH 4 /Ar/H 2 etched diodes is almost three times higher than that of the Cl 2 /Ar and wet etched diodes. We speculate that the enhanced performance of these diodes is due to the incorporation of the polymer forming gas CH 4 
